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SUMMARY

An experimentel investigation was conducted at a Mach number of 3.85
to determine the diffuser characteristics of a series of conventional
axielly symmetric nose inlets mounted on a 5~inch ram Jet in the lewls
2- by 2~foot supersonic wind tunnel. Performesnce evaluations of single-
cone, double-cone, end lsentropic diffusers were made in terms of total-

. pressure recovery and mass flow for a range of angles of attack from o°
to lO°; in addition, cowl pressure distributions were obtained at zero
engle of attack.

At zero angle of attack the single-cone, double-cone, and isentropile
diffusers yielded total-pressure recoveries of 0.32, 0.44, and 0.57 with
corresponding supercritlicel mass-flow ratios of 0.995, 0.94, and 0.905,
respectively. A meximum total-pressure recovery of 0.625, corresponding
10 a kinetic-energy efficiency of 85 percent, was obtained with an
isentropic inlet utilizing boundary-layer removal through a permeable
wall centerbody. Improvements in inlet performance were realized with
the gpplication of tip roughness to reduce boundary-layer separation on
both the 2-cone and the isentropic inlets and also with the spplication
of suction to modify & local flow separation occurring immediately down-
stream of a sharp turn on the l-cone (low-angle cowl) inlet. None of
the inlets (81l of which were designed for conical-shoek interception
with the cowl lip) exhibited any stable range of suberitical operation.

Baged on specific fuel consumption or range considerations for hypo-
thetical ram-jet engines, a comparison of the various lntets at zero
angle of attack showed thet the l-cone (low-angle cowl), the 2-cone (tip
roughness), and the isentropic (with minimm additive drag based on the
assumption of supersonic flow spillage) inlets were competitive with one
ancther. However, use of the Higher recovery inlets to produce a given
amount of thrust minus drag would result in smaller engine sizes.
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INTRODUCTION

A comprehensive survey of the literature was made to ascertain the
current status of existing diffuser data over the supersonic speed
range. For Mach numbers below approximetely 3.1, it was found that
rather extensive resesrch on diffuser pressure recovery and mass-flow
characteristics had been conducted and that diffusers capable of ylelding
peak total-pressure recoveries corresponding to kinetilc-energy efficien-
cies of 95 percent appeared to be fairly representative of the upper
limit of performance. At Mach numbers greater than 3.1, however, only
limited inlet date appeared available. :

Since from the standpoint of missile gpplicaetion there exists con-
slderable interest in the higher Mach number range, an experimentsl dif-
fuser progrem wee undertaken at a Mach number of 3.85 at the NACA Lewis
leboratory. The purpose of the investigation was (1) to experimentally
evaluate the performence characteristics of several conventionsl axially
symmetric nose inlets of the single- and multiple-oblique~shock variety,
(2) to explore any possible galns in performance which may be obtalned
by controlling or modifying the boundary lajers encountered along the
compression surfaces, and (3) to indicate an over-all performsnce com-
perison of the various speclfic inlet configurastions that were to be
studied.

Accordingly, cold-flow experiments were.conducted on a series of
inlets mounted on & 5-inch ram jet. These diffuser configurations con-
sisted basically of axially symmetric inlets having (1) a single conical
compression surface with no internal contraction, (2) a single conical
compression surface with a verieble internal contraction, (3) two conical
compression surfaces with the maximum allowable internsl contraction, and
(4) a continuously curving (isentropic) compression surface with no
internal contraction. In order to investigate the effectiveness of sev-
eral boundary-layer control schemes, provisions were incorporated in the
designs to permit the application of either local or distributed wall
suctlion on the diffuser centerbodies. Performance characteristics in
terms of total-pressure recovery end mass flow were obtained at a Mach
number of 3.85 over a range of angles of attack from 0° to 10°; cowl
pressure distributions were obtalned at zerd angle of sttack. Prelimi-
nary force meassurements obtained with a strain-gage balance system essen-
tlally verified the order of magnitude of the estimated drags which are
presented herein; however, enough experimental scatter exlsted in the force
date to preclude their presentation in this first report. Some of the
data reported herein have also been included in a preliminsry survey
report on high Maech number diffusers (referénce 1).
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SYMBOLS

The following symbols are used in this report:
A local flow area, sq £t
Apex meximum frontal area of engine, sq ft
Cp,c cowl pressure-dreg coefficient, Do/ tohmex

Cp,E external-drag coefficient, Dg/qoAmax

Cp static-pressure coefficient, 2(py - Po)/TPoMoz
D¢ cowl pressure drag, 1lb

Dg total externsel drag, 1lb

Mo free-stream Mach number

mz mass-flow rate through engine, slugs/sec

Mpney Dess-flow rate through a free-stream-tube area equal to meximum
capture area of inlet, slugs/sec

Pg free-stream total pressure, 1b/sq ft
Pz diffuser-exit total pressure, lb/sq £t
Px local static pressure, 1b/sq ft

Po free-stream static pressure, lb/sq ft

do free-stream dynemic pressure (TPosz/z), 1b/sq £t
Ry, cowl 1ip radius, ft '

Rpax  engine radius, ft

sfc specific fuel consumption, 1b fuel/(1b thrust)(br)
o angle of attack, deg

T ratio of specific heats

Mg.g. kinetic energy efficiency defined as ratio of kinetic energy avail-
gble after diffusion to kinetic energy in the free stream,

L2 (?3) '
(r-1)M0% [\F3
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APPARATUS AND PROCEDURE

The experimentel investigation was conducted in the NACA Lewis
2- by 2-foot supersonic wind tunnel at s Mach number of 3.85 and at a
slmulated pressure altitude of 108,000 feet. The tunnel alr was main-
tained at a temperature of 200° + 5° F and at a dew-point temperasture
of -15° * 10° F. Based on the maximum dismeter of the engine (5 inches),
the test Reynolds number was spproximately 429,000.

The baslic model and support system are represented schematically in
figure 1(a) and photographicaelly in figure 1(b). As illustrated, the
5-inch ram~jet engine was sting mounted to the tunnel support system and
was equipped with a variasble-exlt plug which was utilized to vary the
inlet back pressure. In order to provide a means of applying suctlon to
the boundary lsyer along the compresslon surfaces, the centerbody of the
rem Jet was vented to the free-stream static pressure through three hol-
low support struts. Provisions were also available for collecting and
measuring the bledoff mass flow through the use of & manifold and rota-
meter arrangement. The tunnel strut permitted an angle-of-attack vari-
atlion on the model of approximstely 11° measured from the zero angle-of-
attack condition. At the front end of the model, inlet configurations,
conslsting of interchangeable splkes and cowls, were installed.

Degign detalls of the various inlets are presented in teble I, in
the drawings of figure 1(c), and in the photographs of figure 1(d). The
l-cone inlet had a vertex angle of 60°, which approximated the optimum
diffusion angle on the basls of theoreticael shock losses. No internal
contraction was employed and the cowl llp was located so as to Just
intercept the conlcal shock. The internsl passage was deslgned for an
sxrbitrary gradual turning of the flow back toward the axisl directlon
with the cowl lip initially arranged in the direction of the flow imme-
diately behind the conical shock.

A veriation of the sbove diffuser was the l-come (low-angle cowl)
inlet, which was designed to represent an extreme case by employlng a
gsharp rapld turning of the flow in order to obtain a near minimum pro-
Jected frontal area and thereby a low pressure drag on the cowl. With
this design, then, & strong compression wave would originate internelly
gt the cowl lip. ©Subsequent results necessitated the application of
local suctlion through a double row of staggered l/B-inch—diameter holes
located immediately downstream of the sharp turn. The cone vertex angle
was agaln 60° and a slight internal contraction existed as a result of
the cyilindrical internal surface of the cowl.

A combination of both external and internsl compression was used on
the l-cone (varisble internsl contraction) inlet. On design position,
the shock from the tip of the 40° cone Just intercepted the cowl lip and
the internsl contraction was such that from unidimensional flow consider-

ations the streem Msch number would then be reduced to 1.40 at the throat.
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In order not to exceed the starting limitation (reference 2), provisions
were incorporated in the design to move the cone forward and thereby
reduce the internsl contraction. Once the shock was swallowed, the cone
was then retracted towards the design position.

Another configuretion, designated the 2-cone inlet, employed two
conical surfaces to generate the desired compression waves. The shocks,
emanating from the 40° initlal cone angle and the 70° secondary cone
angle, were designed to intercept the cowl 1lip. Internelly, the flow
passages were designed for the maximum allowable internasl contraction
ratio, corresponding to an estimated sverage entrance Mach number.
Iater experimental refinements involved the use of tip roughness in the
form of a l/z-inch band of (number 60) carborundum grit and also the
application of local suction through a double row of staggered l/8-inch—
diemeter holes located Just upstream of the Juncture between the two
conicael surfaces.

The isentrople inlet which theoretically employed en infinite num-
ber of very wesk compression waves was designed by the method of char-
acteristics (reference 3). The resulting configuration consisted of a
center spike with a continuously curving surface to generate the desired
compression with the focal point of the characteristlcs located at the
cowl 1lip and with a finel Mach number of the flow equal to 1.5 at the
diffuser entrance. An initisl cone angle of 16° was arbitrarily
selected. There was no Internsl contraction and the cowl 1lip was
designed to receive the internal flow initielly in the stream directlon
with the result that the externsl angle of the cowl 1lip exceeded the
detachment angle corresponding to the free-stream Mach number. Experl-
ments were also made on this inlet with the use of tip roughness (a
1/2-inch band of number 60 carborundum grit). Another variation of the
isentropic inlet included the use of a porous center spike fabricated
out of sintered bronze. The relations given in reference 4 were used to
determine an order of magnitude of the suction that might be required
on such a configuration. Then, porosity and wall thickness were calcu-
lated with the use of sintered-bronze calibration charts given in a com-
mercisl catalog. However, the porosity of the actual model was not
experimentally verified. After preliminasry experiments, it was found
that better results were obtained after the porous section downstream of
the throat had been sesled off with lacquer. This technique appeared to
give better control of the boundary layer on the upstream compression
surface. In later tests at positive angles of attack, the effect of
sealing off the pores on the entire lower half of the splke was also
studied.

Internal area distributions along the axis of the diffuser, measured
from the plane of the cowl 1lip to the constant-area sectlon at the 4if-
fuser outlet, are presented for the originsl inlet configurations in
figure 1(e). As shown, the major portion of the subsonic or divergent
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passage (starting at the O-station) was common to all the inlets and was
designed to yield an spproximate 5°-conical-area expansion. The curves
showing the sres varlations forward of this section for the different
inlets were then faired into the common curve. Internsl contraction was
incorporsted in both the l-cone (low-angle cowl) and the 2-cone inlets.

Pressure instrumentation consisted of a total~ and static-pressure
rake (fig. 1(f)) located at the diffuser exlt and three longitudinal
rows (top, side, and bottom) of wall statics located on each inlet cowl
for measuring external pressure distributions. The totael pressures at
the diffuser exlt were obtained by an area welghting of the pitot-rake
pressures. From measurements of the sonic discharge area and the static
pressure gt the reke, mass-flow rates were computed with the assumption
of one-dimensional flow. Cowl pressure drags were cbtained from inte-~
gretions of the external pressure distributions.

Complefe pressure data were recorded over a wide.range of exit-plug
positione at angles of attack from 0° to 10°.

RESULTS AND DISCUSSION

In the following discussion, the designation of the l-cone, the
2-cone, and the isentropic inlets will refer to the configurations as
originally designed and as described earlier. Unless otherwise speci-
fied, the designstion 1l-cone (low-angle cowl) inlet will include the use
of suctlion holes downstresm of the throat on the previously described
inlet configuration. Other modifications to the original designs (such
as the use of tlp roughness, the spplication of suction, the use of an
extended or retracted cowl, etc.) will always be included parenthetically
in the designation of the perticular inlets.

Performance of 1-Cone Inlets

Diffuser characterlistice of the l-~cone inlet are presented in fig-
ure 2(a) for several angles of attack. At zero angle of attack a maxi-
mum total-pressure recovery P3/P0 of 0.315 (compared to e theoretical

shock-loss value of 0.36) was attained with a corresponding supercriti-
cal mass~-flow ratio of 0.85. By extendlng the cowl l/l6 inch forward
of its design position, the supercritical mass-flow ratio m.3/mmax was

increased to nearly 1.00 with the conicel shock from the tip appearing
from schlieren observations to fgll inside the diffuser. With this
increase in mass flow the maximum recovery value remsined unchanged.
Because this diffuser definitely appeared to capture the maximum free-
stream tube of air, the l-cone (extended cowl) inlet provided the sole
experimental check on the accuracy of the mass-flow calculetions. The

[Oy '8 0 5 7
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fact that the supercriticel mass-flow ratio fell so close to unity
(0.993) may have been somewhat fortuitous, however, since later tests on
other configurations with the conlcal shock lnside the cowl showed mass-
flow ratios 2 to 3 percent less than 1.00. No calibration or correction
factor was employed in the present maess-flow computations. As the angle
of attack of the inlet was increased to 9°, both pressure recovery and
mess flow were found to decrease. At all attitudes, it was observed

that there was no stable subcritical operation and that '"buzz" or pulsing
flow occurred immediately upon expulsion of the diffuser shock.

A modification aimed at achieving a low-drag cowl was lncorporated
in the design of the l-cone (low-angle cowl) inlet. The performance
characteristics of this diffuser are shown in figure 2(b). Initial
experiments at zero angle of attack indicated a detached shock wave
ahead of the cowl lip and boundary-layer separstion along the cone sur-
face with a resultant low-pressure recovery and a large amount of flow
splllage, as shown in the figure. Fallure of the diffuser to swallow
the shock was attributed to a local flow separation occurring immediately
downstream of the sharp turn on the centerbody. Such a separation could
presumably be caused by an adverse pressure gradlient in the divergent
passage downstream of the throat and could result in an internal con-
traction of the flow in excess of the Kantrowitz-Donaldson limiting
value (reference 2). To overcome this starting difficulty, suctlon was
spplied through a double row of cilrcular holes just downstream of the
sharp turn. (The use of suction to reduce flow separation near the dif-
fuser .throat was qualitatively demonstrated in reference 5). As indi-
cated by the data, the diffuser shock was swallowed and at zero angle of
attack the following results were obtained: maximum tolal-pressure
recovery of 0.32, a critical total-pressure recovery of 0.30, and a
supercritical mass-flow ratio of 0.925. Measurements of the bleed flow
during supercriticel operation showed that spproximstely 1 percent of
the maximum capture mass flow m, . was required in the suction process.

An attempt to increase the supercritical mass-flow ratio by extending
the cowl 1/32 inch forward of its design position again resulted in a
detached shock at the entrance of the diffuser. Angle-of-attack per-
formance with suction is also included in figure 2(b).

Another configuration, the l-cone (variable internal contraction)
inlet, was designed for both external and internal compression. As will
be shown in subsequent photographs, boundary-layer separation, due to
pressure feedback, occurred in the convergent passage and along the cone
surface upstream of the entrance of the diffuser. The application of
suction locally on the compression surface served to change the separa-
tion pattern end to permit the atteinment of larger values of geometric
contraction ratio than in the no-suction case. However, the diffuser
performance data showed no advantage for elther srrangement, both with
and without suction s maximum total-pressure recovery of 0.25 was
obtained st zero angle of attack with a corresponding mass-flow ratio of
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approximately 0.3. The use of a porous-wall centerbody to provide & dis-
tributed suction also gave similar results to that obtained in the no-

suction case. Thus, on this particular variable-geometry arrangement, -
the attainment of large smounts of internsl compression was prevented by

a separation of the boundsry leyer in the convergent passage and no

improvement in diffuser performance could be obtalned by the addition of

either local or distributed suction. '

The effects of angle of attack on the performesnce of the l-cone
inlets are summarized in figure 3. In general, the curves, showing the
decrease of maximum pressure recovery and supercritical mass-flow ratlo
with angle of attack for both the l-cone and the l-cone (low-angle cowl)
inlets, are quite similar with each having approximately the same slope
although located on different levels. Over the 10%-angle~of-attack range
the totel-pressure recovery of the l-cone (low-angle cowl) inlet was
slightly higher (2 percent) and the supercritical mass-flow ratlo 2.5 to
6 percent lower than corresponding values of the l-cone inlet.

2644

Schlieren photographs of the shock-wave patterns obtained with the
l-cone inlets at zero and 9° angles of attack are presented in figure 4.
On the l-cone inlet (fig. 4(a)) the conical shock from the tip very -
nearly intercepted the cowl lip at zero angle of attack. At g° angle of
attack, increased spillage is indicated by the tip shock being located
ghead of the cowl lip. At the same time the boundary layer was observed s
to wash toward the leeward silde of the cone and thus produce a thickenlng
of the boundary layer on the top with some thinning on the bottom due to
body cross-flow effects. For the l-cone (1low-angle cowl) inlet with no
suction (fig. 4(b)), & detached shock stood shead of the cowl with
boundary-layer thickening upstream thereof. With the application of
suction the diffuser shock was swallowed and the conical shock from the
tip nearly intercepted the cowl lip. At 9° angle of attack a detached
ghock was formed at the lower lip,. otherwlse the pattern was similar to
that of the l-cone inlet. The shock-wave patterns obtailned with the
l-cone (variable internal contraction) inlet are presented in figure 4(c).
The photograephs on the left and on the right show the shock configura-
tions obtained with the cone at the minimum (stable flow) tip projection
for no suction end for local suction, respectively. With no suction, a
well defined separation of the boundary layer occurred just ahead of the
inlet. With local suction on the cone, the flow sppeared to separate at
& much steeper angle with an accompanying stronger shock system. For
values of tip projection smeller than the preceding minimume, the inlet
flow pattern was characterized by high-frequency oscillations of the
flow, as evidenced by the blurred pattern in the center photograph of
figure 4(c).
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Performance of 2-Cone Inlets

The performance of the 2-cone inlet is presented in figure 5(a),
where total-pressure recovery P3/P0 1s again plotted as a function of

mass~-flow ratio mﬁlmmax' At zero angle of attack a maximm totel-

pressure recovery of 0.41 {compared to a theoretical shock-loss value :
of 0.61) was obtained with s corresponding msss-flow ratio of 0.855. As
will be illustrated in later photographs, the boundary layer was observed
to separate and effectively bridge the Juncture of the two conlcal com-
pression surfaces. This particular diffuser was found to exhibit a
rether unususl veristion of supercritical mass-flow ratio with angle of
attack. With increasing angle of attack the supercritical mass-flow
ratio increased to a meximum at spproximstely 4- and then decreased with
further increases in angle of attack. This variation is sssocilated with
the boundary-layer bridging at the bresk between.the two cones. Appar-
ently at the smaller angles of attack (a~<4°) the boundary layer was
favorably modified by the body cross flow so that the gein resulting
from the wiping ection on the boundary layer at the bottom more than off-
set the effect of increased bridging st the top. At 9° angle of attack
& hysteresis loop in the curve was encountered. At this attitude, sub-
critical operation of the inlet was characterized by large-scale separsa-
tion of the flow from the upper half of the cone. The corresponding flow
pattern appeared to be nearly steady although a slightly blurred shock
was observed in the schlieren photograph. In order to reset conditions
for supercriticel operation, it was necessary to reduce the diffuser
back pressure considerably below the criticael value, thereby establish-
ing the hysteresis loop. At the lower angles of attack on figure S(a),
the inlet exhibited the usual subcritical buzz characteristics.

On figure 5(b) the performance characteristics of the 2-cone
(extended cowl) inlet are presented for several angles of attack. A
maximum total-pressure recovery of 0.435 with a corresponding mass~flow
ratio of 0.91 was reaslized at zero angle of attack. Because of the added
cowl extension (1/16 inch), the increase in pressure recovery is attrib-
uted- to the resultant slight increasse in internsl contraction above that

o]
of the 2-cone inlet (fig. 5(a)). At angles of attack of 3° and 57 , the
flow separated on the top half of the cone during subcritical operation
and could not be reattached except by decreasing the angle of attack
with a reduced inlet back pressure and then resetting the desired a.

At 9° angle of attack this type of separation pattern persisted under
all inlet operating conditions.

Roughness was applied to the tip of the 2-cone inlet in an attempt
to artificially induce transition to & turbulent boundary layer. The
performence of the 2-cone (tip roughness) inlet is given in figure 5(c)
for several angles of attack. A meximum total-pressure recovery of 0.445
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was obtained with e supercriticsl mass~flow retioc of 0.94 at zero angle
of attack. As will be shown in subsequent schlieren photographs, the
boundary-layer bridging at the Juncture of the two conlcal surfaces wes
markedly reduced. The improvement in inlet performence was the result
of similating an effective change in Reynolds number by the addition of
tip roughness designed to promote premsture transition. In addition,
the unusuel mass-flow variation with angle of attack previously described
for the 2-cone and 2-cone (extended cowl) inlets wes eliminated. Both
total-pressure recovery and mess-flow gatio decreased with lncreasing

engle of attack up to approximately 8% , above which the flow separated
from the upper half of the cone.

The effect of angle of attack on the performence of the variocus
2-cone inlets are summerized in figure 6. The 2-cone (tip roughness)
inlet avolded the unusuel mass-flow veriation associated with boundary-
layer bridging st the break and yielded the best performance of the three

o
diffusers for angles of attack up to 8% » where the dilscontinuity
occurred in the curves because of flow separation. For operation over
the entire range, the 2-cone inlet was the only one that did not incur
the discontinuity due to separation.

Another configuration that was investligated was the 2-cone (suc-
tion) inlet, which employed suction locally just upstresm of the Juncture
between the two conical surfaces to prevent locel separation. No data
are presented for this inlet since i1t can be simply stated that similar
results were obtained as with the 2-cone (tip roughness} inlet (fig. 6)
but with the range of angle-of-attack operation without flow separation
increased to slightly less than 11°.

Typlcal schlieren photographs of the flow patterns obtelned with
the 2-cone inlets are presented in figure 7 for zero and 9° sngles of
attack. With the 2-cone inlet (fig. 7(a)) extensive boundary-layer
bridging can be observed at the Jjuncture of the two cones at zero angle
of attack. With the inlet at 9°, there was a pronounced thinning of the
boundary-leyer bridge on the bottom with increased thicknese on the top.
The effect of tip roughness on the boundary layer at zero angle of attack
is clearly illustrated in figure 7(b), where it can be seen that the
boundary-laeyer bridging had been virtuelly eliminated. At 9° angle of
attack the flow had completely separsted from the upper half of the
cone. This pattern was typlcal of those previously described as having
flow separation on the top of the cone. With each of the 2-cone inlets
at 9° angle of attack, a detached shock was formed shead of the cowl 1lip
on the bottom.

XN
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Performance of Isentropic Inlets

The diffuser characteristics of the isentropic inlet are presented
for several sngles of attack in figure 8(a). At zero angle of attack,
e mexlimum total-pressure recovery of 0.57 (compared with a theoretical
shock-loss value of 0.93) was obtained with a corresponding supercriti-
cael mass-flow ratio of 0.905. At the seme time schlieren observations
revealed e separation of the laminar boundary layer along the compres-
sion surface with subsequent reattachment of the flow. Both pressure
recovery and mass-flow ratio were found to decrease with increasing
angle of attack. However, at an angle of attack of 9° a large separa-
tion of the flow wae observed on the upper half of the spike. Over the
angle-of-atteck range investigated, there was no evidence of any stable
subcritical operation.

In an attempt to artificially induce transition to a turbulent
boundary layer which would be more resistent to flow separation, tip
roughness was again employed on the esbove inlet. The results obtained
with this isentropic (tip roughness) inlet are given in figure 8(b) for
several angles of attack. A maximum total-pressure recovery of 0.615
was obtained et zero angle of attack with a supercritical mess-flow
ratio of 0.87. In genersl, the curves show the usual decreasing values
of maximum pressure recovery and supercritical mass-flow ratio with
increasing angle of attack. At 9.1° angle of attack some oscillation of
the shock pattern was observed to occur on the top half of the spike.

Another configuration which employed & distributed suction through
a permesble centerbody wall was designed to avoid any separation of the
boundary layer due to the influence of the strong adverse pressure
gradients. The results obtained with this isentropic (porous, retracted
cowl) inlet are presented for zero angle of attack in figure 8(c). The
meximum total-pressure recovery of 0.625, corresponding to & kinetic-
energy efficiency 1y g, of 95.2 percent, was the highest cbtained in

the present investigation and was obtained with a supercritical mass-
flow ratio of 0.82. The maximum amount of mass flow removed through
the porous spike was approximately 1.5 to 2 percent of the mass flow
entering the diffuser.

In preliminary experiments with this configuration at angle of
attack, it appeared that the effect of suction on the boundary layer
along the upper half of the spike had been greatly reduced from that
observed at zero angle of asttack. Therefore, in an attempt to maintein
a concentrated suction on the upper helf of the spike, where the extent
of any flow separation would be the greatest at positive angles of
attack, the lower half of the porous spike was sealed off with lacquer.
The performance characteristics of this isentropic (helf porous,
retracted cowl) inlet are presented in figure 8(c). At zero angle of
attack a maximm total-pressure recovery of 0.58 was obtalned with a

[y
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supercritical mass-flow ratio of 0.83. There was no evidence of flow
separation over the entire angle-of-attaeck range. In each case, there
wag no gtable suberiticasl operation.

With the difference in supercritical mass-flow ratios at zero angle
of attack between 0.905 for the isentropic inlet and 0.83 for the isen-
tropic (helf porous, retracted cowl) inlet, it was difficult to weigh
the contribution of suction to the increased angle-of-attack range real-
ized with the half-porous configuration. Therefore, the cowl on the
isentropic inlet was similarly retracted (1/32 inchs to deliberately
incur additional flow spillege at o = 0°. The diffuser characteristics
of the isentropic (retracted cowl) inlet are shown in figure 8(da). A
maximum pressure recovery of 0.56 weas obtained at o = 0~ wlth a super-
critical mass-flow ratio of 0.82. As illustreted, no separatlion was
encountered wlthin .the 9°—angle-of-attack renge. Apparently, this
increased range of angle-of-attack operation without separstion on the
upper helf of the splke was assoclated with the decrease in the o = o°
mess-Flow ratio rather than with the application of suction as on the
helf-porous configuration. However, the higher level of pressure recov-
"ery, obtained over the entire angle-of-attack range with the lsentropic
(half porous, retracted cowl) inlet when compared with the isentropic
(retracted cowl) inlet, seemed to warrant the presentation of this per-
formance dsta.

Sunmery curves illustrating the relative performance of the isen-
tropic inlets over the angle-of-attack renge are presented in figure 9.
In general, sll the isentropic inlets exhibited a larger rate of
decrease in pressure recovery with lncreasing angle of attack than
either the l-cone or 2-cone inlets; however, the lsentroplc inlets.were
st1ll superior in terms of pressure recovery for angles of atiack up to
approximately 6°. As evidenced by the isentropic (half-porous,
retracted cowl) end the isentropic (retracted cowl) inlets, it also
sppeared that, by accepting a decrease in the o = 0° mass-flow ratio,
the range of angle-of-attack operation without flow separation could be
extended to larger angles.

Typlcal schlieren photographs of the inlet shock-wave patterns are
presented for zero and spproximstely 9° angles of attack in figure 10.
At zero angle of attack, thlck boundery-layer bridging was observed on
the solid isentropic spikes with smooth tips in figures 10(a) and 10(d).
With the spplication of roughness (fig. 10(b)}) or distributed suction
(fig. 1o(cI))) the thickness of the observed boundary layer was merkedly
reduced. Simller observations were made in two-dimensional i1sentropic
inlet studies (reference 8). This observed pattern of boundary-layer
bridging is regarded as s separation of the laminar boundary leyer
followed by reattechment. The sction of the roughness in avoiding such
separation was presumably to trigger an initially turbulent boundary
layer. All the isentropilc inlets appeared to have a detached shock at

Mo Wt disindane
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the cowl lip and some attendant flow spillage. At 9° angle of attack the
flow separated on the upper half of the spike for both the isentropic
inlet (fig. 10(a)) and the isentropic (tlp roughness) intet (fig. 10(b)).
With all the inlets a large bow wave stood shead of the cowl on the lower
half of the spike and, jJust upstream of this, the envelope of compression
waves formed s curved shock pattern.

EXTT TOTAL-PRESSURE PROFILES

Total-pressure distributions at the diffuser exit during critical
engine operation sre presented in figure 11 for the l-cone (low-angle
cowl), the 2-cone, and the isentropic inlets at several angles of attack.
A1l the inlets exhibited flat and uniform profiles at zero angle of
attack. At positive angles of attack all the inlets indicated some flow
separation in the lower quadrant with the sole exception of the isen-
tropic inlet et a = 39, which for some unknown reason indicated just
the opposite with separation occurring in the top quadrant. The isen-
tropic inlet at o = 9° was operating with an inlet shock pattern show-
ing separation of the flow from the upper half of the spike and, corre-
spondingly, the profile appears flat end indicative of extensive flow
separstion. As expected, higher local discharge velocities generally
occurred with the larger angles of attack as indicated by the differen-
tial between the local total pressure and the uniform static pressure
across the duct.

SUBCRITICAL, BUZZ OBSERVATIONS

Except for the inlets that had flow separation at the higher angles
of attack, all the inlets reported herein indicated no stable suberiti-
cal operation with buzz or pulsing flow being initiated immediately upon
expulsion of the terminal shock. To illustrate the variation of inlet
flow pattern occurring during such a buzz condition, sequences of
selected high-speed schlieren photographs are presented in figures 12
and 13 for the l-cone (low-angle cowl) and the isentropic inlets,
respectively, at both zero and positive angles of attack. The pictures
were taken at approximstely 3000 frames per second and the order of mag-
nitude of the pulse frequency ls indicated in the captions on the filgure.
In general, at zero angle of attack the pulsing seemed to occur in a
symmetricel fashion while at angle of attack the pattern was quite 4if-
ferent between top and bottom. At positive angles, the normal shock
first sppeared to move out on the top of the spike and separate the flow
out to the tip until a cone slined with the free-stream direction was
formed by the spike and the separation boundary. Then, depending on the
amplitude of the pulsing, the shock pattern further developed in an
upstream direction and, in some cases, the pattern billowed out to the
tip of the spilke in & highly irregulsr msnner.
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In the present investigation no effort had been made in the design
of the Inlets to achleve suberitical shock stabillty. With all the
inlet cowl lips designed for conlcal-shock interception, buzz was to be
expected on the basis of the criterion given in reference 7.

COWL PRESSURE DISTRIBUTIONS

Typical cowl pressure distributions are presented in figure 14 for
the four inlet configurstions at zero angle of attack and with super-
critical engine operation. An integration of these pressures ylelded
vaelues of cowl pressure drasg which are tabulated on the figure in the
form of coefficients based on the meximum frontel area of the engine
Apoxe The cowl with the lowest drag was that of the l-cone (low-angle

cowl) inlet which had a drag coefficient of 0.007. The cowl for the
isentroplc inlet, which operated with a detached shock at the 1lip, also
hed a low value of drag coefficlent CD,C = 0.056, presumably &8s &

result of s large expansion of the spllled flow around the lip due to
the large approach angle.

As previously described, buzz or pulsing flow occurred over the
entire subcritical operating range. During such a condition, the mano-
meter boards (with the long instrumentation lines which damp out the
pulses) tended to read some time-averaged value of the pressures. The
dreg coefficlents, resulting from the integration of such data, showed
a decressing cowl pressure drag with decreasing mass-flow ratio.

OVER-ALL PERFORMANCE COMPARISON OF THE SPECIFIC INLETS

Calculetions were made to obtain comparative performance parsmeters
for the speciflc Inlet configurations spplied to hypothetical ram-jet
engines operating at zero angle of attack. The results are summarized
in the bar graphs of figure 15. Parts (a) and (b) of the figure summa-
rize the maximum total-pressure recoveries and the corresponding mass-
flow ratios obtained with the four inlets. A breakdown of the external
drag coefficlents into thelr various components 1s presented in
part (c). As dlscussed previously, the cowl pressure drags were experi-
mentally determined. The friction dregs, however, were calculated with
the assumption of sn average compressible-flow skin-friction coefficient
of 0.0013, wheress the additive drags of the l-cone and 2-cone inlets
were estimated by the method of reference 8. Because it was impossible
to definltely -establish the character of the flow spillage encountered
with the isentropic inlet, it was necessary to calculate the two limit-
ing cases of additive drag as follows: (1) A minimum, with the assump-
tion of supersonic flow splllage, was calculated as an integration along
e limiting streamline with a pressure distribution teken from a
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theoretical solution of the flow field by the method of characteristics,
and (2) a meximum was calculated with the assumption of complete momentum
loss of the spilled flow. The total drag of the l-cone {low-angle cowl)
inlet was epproximastely 40 percent lower and the total drag of the isen-
tropic inlet somewhere between 20 and 65 percent higher than that
obtained for the l-cone end 2-cone (tip roughness) inlets.

With use of the values of pressure recovery, mass-flow ratio, and
external drag shown in parts (a), (b), and (c), respectively, of fig-
ure 15, values of specific fuel consumption were calculated for hypo-
thetical ram-jet engines operating under the following assumed condi-
tions: (1) flight at zero angle of attack, Mach number of 3.85, and an
altitude of 80,000 feet; (2) combustion at a fuel-air ratio of 0.024
and a combustion efficiency of 90 percent; and (3) operation with a com-
pletely expanded flow through the exit nozzles. The results are pre-
sented in part (d) of figure 15. Based on specific fuel consumption or
range considerations, & comparison of the four inlets indicated that
the l-cone (low-angle cowl), the 2-cone (tip roughness), and the isen-
tropic (minimum edditive drag) inlets were approximately equal and
gbout 14 percent lower than the l-cone and isentropic (maximum additive
drag) inlets.

A relative comparison of these hypothetical ram-Jet engines, sized
to produce the same thrust minus dreg, is shown in part (e) of figure 15.
The higher pressure recovery inlets tended to result in smaller engine
sizes.

SUMMARY OF RESULTS

An experimentel investigation of single- and multiple-oblique shock,
axially symmetric diffusers ylelded the following results at a Mach
number of 3.85:

1. A maximum total-pressure recovery of 0.625, corresponding to &
kinetic-energy efficiency of 95 percent, was obtained with a porous-
splke isentropic inlet at zero angle of attack.

2. Single-cone, double-~cone, and isentropic diffusers yielded
total-pressure recoveries of 0.32, 0.44, and 0.57 with corresponding
supercritical mass-flow ratios of 0.995, 0.94, and 0.905, respectively.

3. On one configuration designated the l-cone (low-angle cowl)
inlet the aspplication of suction immedistely downstream of a sharp turn
allowed the diffuser shock to be swallowed by modifying a local flow
sepaerstion and was the meens of utilizing an extremely low-drag cowl.
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4. The application of tip roughness on the 2-cone and the isentropic
inlets appeared to eliminate a separation of the laminar boundary layer
and resulted in improved inlet performance at zeroc angle of attack.

5. The attainment of large amounte of internal compression through
the use of a varlable-geometry configuration falled because of boundary-
layer separstion in the convergent passage and no improvement could be
cbtained by the use of elther local or distributed suction.

8. The isentropic inlets, which gave the highest recoveries at zero
angle of attack, exhibited & much more pronounced seneltivity to angle-
of-attack effects than either the l-cone or 2-cone inlets. In general,
it was found that, by accepting a decrease in the zero angle-of-attack
mess-flow ratio, the range of angle-of-attack operation without separa-
tion of the flow from the upper half of the spike could be extended to
larger angles.

7. No etable subcritical operation was exhibited by any of the
inlets, all of which were designed for conical-shock interception of the
cowl 1lip. -

8. Based on specific-fuel-consumption considerations, a comparison
of the various inlets at zero angle of atback showed that the l-cone
(Low-angle cowl), the 2-cone (tip roughness), and the isentropic (mini-
mum additive drag) inlets were competitive with each other. However,
use of the higher recovery inlets pointed toward smeller engine slzes
to produce a given amount of thrust minus drag.

Lewls Flight Propulsion Laboratory
Netionel Advisory Committee for Aeromnautics
Cleveland, Chilo
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TABLE I - IKLET DIMENSIONB
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APt body Outer shell ]
X Y z u v ) -
A 1.82 B 2.30 | 2.50
Stralght ) & ant|cyita- A length of spike from tip
tral to point of attachment
taper taper [drical to aft body, in.
A+ 4.50| 1.22 | B+ 7.186) 2.06 4
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aper . arc to point of attechment
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l cylinder l taper
A+ 14.25| 2.00 |B+12.76 | 2.375 | 2.50 . ,
1 cone 1 cone (low-angle oowl)
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(A, 8.370) (B, 3.750) (A, 7.10) {B, 4.287)
X Y z ] v I Y £ U v
° 0 o 2.132 | 2.132 o o- |o 2.500| 2.300
l Streignt| .100| 2.188 | z.2m1 | [presten L Cylin- [Straight
taper { .200f 2.223 | 2.282 taper &rical| taper
3.000] 1.751 | .400| 2.278 | 2.347 5.292| 1.902 |2.860 2.500
3.100{ 1.782 | .600) 2.318 | 2.411 4.062| 1.902 Cylin-
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2 x [ ¥ 1z U v
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4.562 1.902 |1.000] 2.364 | 2.483 5.50011.031 drical | drical
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Flgure 1. ~ Continued. Experimental modsl,
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Supercritical mass-flow ratio
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Figure 9. - Effect of angle of attack on performance of isentropic inlets.
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Figure 10. - Schlieren photographs of 1sentropic inlets at zero and approximately 9° angles of attack .
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Figure 10. - Concluded.
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a, 0° a, 9.3°

(c) Isentroplc (half porous, retracted cowl),

o
@, 9

(4) Isentrople (retracted cowl). €.30651

Schlieren photographe of isentropic inlets at wero end spproximaetely 9° angles of attack a.
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Total-pressure recovery, Pz/Pg
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Reke position viewed
upstream

Top

Left-hand side
Bottom
Right-hand slde

.6

Isentropic

.5

2 cone

.4T—' —¢—1—4 4

1 cone (low-angle
cowl)

= e

(a) Angle of attack, 0°.

“Mﬁ!’

Isentropic

T e

(\I\\\\\\\\ ANN NN\ (L\ SANNTANRN AR ¢

2 cone

1 cone (low-angle
cowl)

1.0 1.5 2.0
Distance from englne axis, in.

(v) Angle of attack, 3°.

2.5

Figure 11. - Total-pressure profiles cbtalned during criticsl operation
for several angles of attack.
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Figure 11. - Concluded. Total-pressure profiles obtained during critical operation
for several angles of attack.
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{(a) Angle of attack, 0°; approximate frequency,

73 oyoles par second.
c-zgssl

(b) Angle of attack, 6.10; approximate frequency,
59 cyoles per mecond.

Figure 12, - Seleoted high-speed photographa showlng
variation of inlet flow pettern during pulsing sub-
oritical operation of l-cane (low-angle cowl) inlet,
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Figure 13. - Selected high-speed photographa showing variation of inlet flow patiern during pulsing suberitical operaticn

ool

{a) Angle of atteck, 0°; approxrimate frequency, 36 oyoles per seocond.

{b) Angle of atteck, 5.2° epproximats frequency, 18 cycles per second.

of isentropioc inlet.
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Cowl static-pressure coefficient, Cp

Orifice loesbtion
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Axial distence downstream of cowl 1ip, 1n.

Figure 14, - Cowl pressure distributions at zerc angle of attack.
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CZZA 1 cope
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(a)

(v)

Mach number, 3.85; altitwde, 80,000 feet; fuel-air ratio, 0.024; combustion efficiency, 0.90.

- .Comparative performance pareweters obtalned with specific inlet oonflguretions applied tc hypothetical

(a)

Figure 15.
ran~Jet enginea.
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